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ABSTRACT

Numerical calculations of gas-surface interactions at epi-
thermal energies are reported and correlated. These interactions,
which involve: the effects of different lattice structures and
orientations, adsorbed contaminants, and lattice thermal motion,
are compared against those of ideal FCC (100) surfaces at 0°K.

An analysis of energy exchange in 153 different situations (in-
cluding some previously reported) is developed by considering a
highly idealized model of the interaction and determining parame-
ters in the model from the complete set of numerical results. The
resulting simple equation correlates theoretical energy exchange
values with a standard deviation of about 10 per cent of the inci-
dent energy for cold ideal surfaces, and about 20 per cent for hot,
contaminated surfaces and different structures.

A previous report (Ref. 2) presents evidence for neglecting
coupling between lattice oscillators in calculations involving
high gas particle energy. The present results lend further sup-
port to this approximation. A single monolayer of adsorbed mate-
rial was found in effect to dominate the interaction in most cases,
isolating the gas particle from all but a small, long-range influ-
ence of the bulk. Calculations of lattice thermal effects on the
interactions, although subject to errors due to small sample size,
indicate that this effect can safely be ignored at high incident
energy. Lattice surface structure and azimuth angle of incidence
were found to be important only in the FCC (110) case, where the
surface is quite rough and highly directional.
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INTRODUCTION

References 1 and 2 provide a description of the basic numeri-
cal method for calculating molecular trajectories in the vicinity
of solid surfaces. Very briefly, we calculate the three dimen~
sional, classical trajectories of gas molecules directed at a
crystal lattice that is represented by a set of harmonic oscilla-
tors which are point centers of potential (a Lennard-Jones 6-12).
The recoil of the oscillators is the mechanism by which energy is
transferred to the lattice. Most of the calculations assume that
the lattice oscillators are mutually independent. Several other
cases, computed for a model in which the lattice atoms are coupled,
indicate that the range of reasonable validity for the independent-
oscillator lattice (IOL) model is surprisingly large. Momentum
and energy exchanges as well as exiting velocity vectors are com-
puted and averaged over many parallel incident trajectories, each
having a slightly different aiming point on the lattice surface.

A set of exiting molecules is thereby generated to represent the
distributions that would result from a perfectly collimated molec-
ular ray of perfectly homogeneous physical properties impinging on
the surface.

Reference 1 presents a few typical results obtained from the
above method, and describes qualitatively some of the general
characteristics of observed behavior. It also describes the first
attempt to combine the independent variables of the problem in
parametric form, in order to provide a framework for correlating
the results. Reference 2 presents the comparison between coupled-
and-independent-oscillator models described above, gives the re-
sults of statistical correlations of momentum energy and angular
spreads from a planned design of 64 cases designed to cover the
range of interest, and indicates the energy and angle-of incidence
dependence to be expected for He, Ne, and Ar on a (100) face
of a Ni 1lattice.

All of the work described in Refs. 1 and 2 treats a very ele-
mentary case, namely, the lattice is initially at rest; the gas
molecule is a point mass; the lattice is clean and ideal; its
force laws are isotropic (although the atoms are located in a




realistic structure); the intermolecular potential curve is
assumed always to have the same shape, and quantum-mechanical
effects are ignored. There are some other limitations, but these
are probably the most important ones aside from the IOL assump-
tion previously mentioned. Because the primary motivation for
this work has been the understanding and characterization of the
aerodynamic effects of molecule-surface interactions, the primary
concern is with very high thermal energies (0.1-15 ev) and mod-
erately heavy gas particles (10-40 amu), and fairly convincing
arguments can be made to justify the above assumptions. A few of
the effects could be quite important however, and are also of con-
siderable fundamental interest in their own right. This report
and future work will be primarily addressed toward improved char-
acterization of the effects of these complicating factors.

Since the description recorded in Ref. 2, four major capabil-
ities bhave been added to the family of computer programs: treating
crystal planes different from the (100); modeling the effects of
adsorbed species by giving the surface layer of atoms physical
properties different from those of the lower layers; and portray-
ing the effects of thermal motion in the lattice by a simplified
distribution of initial lattice motions. These capabilities open
up a truly enormous number of possible cases, and the cases to be
computed must be planned carefully so that the results will have
over-all meaning. Each of the above modifications will be de-
scribed, along with the results generated thus far.

There is an additional feature of the theoretical program
which is designed to increase the value of the numerical computa-
tions. By the analysis of very simple models of interaction pro-
cesses, a semiempirical correlation equation that predicts quite
well the energy exchange given by results of the computer calcu-
lations has been derived. This phenomenological approach has the
great advantage of giving physical insight into the details of
various types of interactions. The approach was first tried in
a rough way in Ref. 1, but has since been improved. The latest
version is described in this report. It represents an important
part of future work because it gives a convenient reference level
against which to evaluate the importance of complicating effects,
such as internal degrees of freedom.

Correlation with experimental data is vital to the complete-
ness of any theoretical investigation, and this element is thus



far missing in the present study. There are at this time only two
sources of data available, although many investigators are actively
striving to improve the situation (cf. Refs. 3 and 4). These
sources are the thermal cell experiments, best represented by the
work of Thomas and his students (cf. Wachman, Ref. 5), and the
scattering distributions that have been and are being measured by
many investigators in low energy molecular beams (cf. Hurlbut,

Ref. 6; Smith and Saltsburg, Ref. 7; and Hinchen and Foley, Ref. 8).
Recent reviews by French (Ref. 9), Knuth (Ref. 10), and Anderson,
Fenn, and Andres (Ref. 11) describe the many current efforts to
make measurements at epithermal energies using arc or shock tube
sources, neutralized ion beams, and seeding techniques. There are
many problems associated with comparison between the existing data
and the theoretical results, but the most important ones are the
high wall temperatures (greater than those of the gas) in the
thermal cells, and the difficulty in relating measured spatial
distributions of flux with a limited sample of exiting molecular
trajectories produced by theory. Some attempts being made to
bridge these gaps are discussed in the Parametric Analysis Section
of this report.

Recent literature on the theory of vibrational energy ex-
change in gases (Refs. 12 and 13) indicates an increasing confi-
dence in the use of classical mechanics to describe such proces-
ses. This fact relates to the present work in two important ways.
First, the use of a classical oscillator to portray a diatomic
gas molecule seems more reasonable. Second, the mathematical sim-
ilarities between gas-gas and gas-surface interactions encourage
the extension of the same type of arguments to justify definitely
the use of classical mechanics in the gas-surface problem. It is
clear at this stage that at least two criteria must be fulfilled
for classical methods to be valid: 1) the de Broglie wavelength
of the incident gas particle must be very much less than the lat-
tice spacing, and 2) the energy exchanged with the lattice in the
classical approximation must be large compared to the minimum
phonon energy allowed within the real lattice. Both of these cri-
teria are fulfilled above ~ 0.1 ev for atmospheric species and
common materials. Quantum mechanics will also be required when
electronic excitation in either the lattice or gas particles be-
gins to occur in an appreciable fraction of the molecular impacts.
The lower energy boundary for this type of problem is very much
dependent on the species involved, but it should be above 10 ev
for most cases of interest. It appears that encounters between
gas particles and free electrons in the lattice will be unimpor-
tant, because the momentum and energy that can be transferred in
such a collision is indeed minute.



LATTICE STRUCTURE EFFECTS

One of the most striking results to come out of the 83 cases
described in Ref. 2 was the fact that the azimuth angle of inci-
dence, ¢;, had only a very small effect on any of the results
of physical importance. This was encouraging in two respects:
first, it greatly simplifies further studies (both theoretical
and experimental) if one of the primary geometric variables is of
only minor importance; and second, it leads one to expect that
differences in surface structure would similarly prove of little
importance to mean values and standard deviations of output quan-
tities, such as energy exchange and momentum accommodation coeffi-
clents.

An investigation was conducted to determine if the above pre-
liminary conclusions were correct. The lattice generation logic
in the main program was generalized to produce the following
crystal configurations:

Body centered cubic (100) and (110)

Simple cubic (100)

Face centered cubic (100), (111), and (110)
Diamond cubic (100)

Hexagonal close-packed (100).

The resulting arrays were plotted and viewed stereoptically
as well as checked geometrically. Several runs were made on the
principal planes of the FCC structures using different azimuth
angles, while all other independent variables were held constant
at values expected to maximize the sensitivity of the interactions
to ¢j. The results of these runs are shown in Figs. 1, 2, and 3.
A limited number of runs were also made with each of the other
available structures. Table I shows the results of these calcula-
tions.

Although the effects of structure and incident azimuth angle
do not appear to be of first order importance, there are some def-
inite trends which should be pointed out and explained, First,
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the changes in structure have a much larger effect on momentum
than they do on energy exchange. This is to be expected, because
momentum exchanges reflect the roughness of the equipotential
surfaces felt by the incident particles, whereas energy exchange
appears to be controlled mostly by interaction of the incident
particle with individual lattice atoms. More will be said on the
last point in later sections.

The second major feature in the results is that the closer
packed (smoother) surface planes generally showed lower accommo-
dation of energy and tangential momentum. The reverse was true
for the normal momentum,” with the exception of the (1ll) case.

When the azimuth angle changes from a direction of close
packing toward one of greater distances between surface atoms, we
would expect to see increases in all coefficients of accommoda-
tion. This trend is observed quite clearly in the FCC (110) case,
but not in the (100) or (L1l) cases where changes are much less

*
Note that in this work the normal momentum coefficient o, 1is

somewhat different from Schaaf's ¢' in Ref. 14 and is directly

proportional to the surface pressure resulting from a prescribed
incident momentum flux. The indicated fluctuations in o, are
probably the result of an insufficient number of trajectories in
the samples. '



TABLE 1

COMPARISON OF RESULTS FOR DIFFERENT LATTICE CONFIGURATIONS

(8 Trajectories Per Case)

Mean Interaction Parameters Standard Deviations
| ) g ’
Surface Plane | EllEi o, o o, ncos O¢ |¢fl S(El/Ei) s(az) s(ol) fs(at) }s(cos Gf) s(¢f)
FCC (111) (
o, = 67.5° 0.4826|1.7757 |-0.0687]0.1960)0.6154 | 77.0301 | 0.0910 | 0.1838(0.2243(0.2488 | 0.1458 28.5094
FCC (100) |
o, = 67.5° 0.5242|1.9516 |-0.0213 0.6206?0.7549 88.0035 | 0.1174 | 0.2746(0.2453|0.4991 | 0.2178 71.627899
FCC (110) ]
o, = 67.5° 0.612111.9252| 0.0114(0.9273|0.7340 | 44.3370 | 0.1446 | 0.2063|0.2684 |0.5452 | 0.1636 |102.463699
BCC (100)
o, = 67.5° 0.6146|1.8073 | 0.0030(0.9111|0.6405 ) 16.7120 | 0.1730 | 0.2920|0.2621|0.6647 | 0.2317 ]102.5463
15° 0.5869)1,8203|-0.0098(0.9557|0.6508 | 67.2176 | 0.1820 | 0.2900{0.2459|0.7113} 0.2301 [104.2821
BCC (110)
o = 67.5° 0.6204(1.8839|-0.1337(0.8581|0.7012 {113.3883 | 0.1490 { 0.2835/0.1854/0.6136 | 0.2249 (102.3984
15° 0.5529{1.7415/-0.0019(0.5963] 0.5883 | 10.3820 | 0.1752 | 0.3412|0.2608|0.6603 | 0.2707 92,9806
sc (100)
9, = 67.5° 0.4505/1.8530(~0.0078/0.1619(0.6767 | 69.2130 | 0.0941 | 0.1668/0.1345{0.1951| 0.1323 15.48541
15° 0.4482)|1.8498( 0.0073|0.1568|0.6742| 13,4201 | 0.09148 0.1567(0.1395{0.1856| 0.1243 16.0373
DC (100)
o, = 67.5° 0.6357/1.9014 (-0.2098{0.9516|0.71L51|178.7142 | 0.2021 | 0.1095|0.1550|0.5927 | 0.0869 59,2478
15° 0.5999/1.6523( 0.2225|0.8043|0.5175(-86.0119 | 0.2154 | 0.2800(0.1702}0.7730| 0.2221 66.1951
HCP (100
9y = 67.5° 0.4825]1.7756]-0.0687)0.1959)0,6153) 77.0311 ] 0.0910 ] 0.1838]0.2243]0.2488} 0.1458 28.5033
15° 0.4576]1.7477] 0.0121]0.1334]0.5932| 13.965 0.0842 | 0.1637]0.2327|0.1669| 0.1299 24,2309
Notes: 1. Azimuth angle (¢;) is measured from direction 3. Momentum Parameters:
of closest packing except BCC (100), SC (100), :
N X = Total N 1 M tum Exchanged/Incident
and DC (100) where ¢ = 0 is edge of unit cell. oz Ngr:al ;g;zntu;men um Exchanged/Inc
2. Independent variables are: = Net Lateral Momentum/Incident Momentum

o1
L
2 fﬁd o g, = Tangential Momentum Exchanged/Incident

@ - A = 3.162 o/d =1.375 ei = 135 Tangential Momentum

i
¢/E; = 0.008  my/m, = 2.818



noticeable. The lower energy and tangential momentum exchanges
shown for the SC (100) case can be explained in the same way,
because the number of lattice atoms per volume d3 is highest
for that structure (ng. = 1, ngce = 3, Opee = 5 Nge = 8) and
all cases in Table I were computed with o¢/d = 1.375.

ADSORBED SURFACE LAYERS

It has been known for some time that the presence of surface
contaminants has had an overriding effect on the validity of most
of the existing data taken in gas surface interactions (cf. Wach-
man, Ref. 5). Recent experience with molecular trajectories has
reaffirmed these facts and helped to clarify the mechanisms by
which the adsorbed species can produce these large effects.

A model was devised to portray adsorbed species on an ideal
substrate surface. It has thus far been restricted to complete
monolayers, although it is hoped in later work to treat a few
types of partial coverage geometries. Physical properties were
introduced for the top layer of atoms, which were independent of
those of the bulk atoms. The binding energy between bulk and sub-
strate is therefore reflected in the spring constant (Einstein
frequency) of the top layer of atoms, while surface and bulk atoms
each interact with the gas particle by independent Lennard-Jones
6-12 potentials.

The adsorbed contaminant model has been used in a few screen-
ing runs and in a balanced design of 16 cases. The design has the
same surface property pattern as used in Ref. 2 for uniform crys-
tals, while bulk properties were quite different. (Initial lat-
tice thermal motion was also included in this plan, as described
in the following section.) The differences in results between
corresponding cases were then analyzed. A correlation of the dif-
ferences is shown in Table II and the data are given in the Appen-
dix as runs 84 through 99.

With the exception of a few special situations, the results
indicate that the uppermost layer dominates the energy exchange,
and plays a very large part in momentum exchanges. This over-all
conclusion indicates that the properties of the adsorbate and its
bond to the bulk should prove much more important to the inter-
action than the properties of the bulk. This is true even for




But Bulk Properties are Different and Lattice Temperature is Introduced)

TABLE 1II

CORRELATION COEFFICIENTS FOR DIFFERENCES BETWEEN MATCHED CASES
SHOWING EFFECTS OF ADSORBED CONTAMINANTS AND LATTIGCE MOTION

(16 Pairs in Which Surface Properties and Incident Geometries Coincide,

BULK PROPERTIES INCIDENT GEOMETRY SURFACE PROPERTIES TEsgggigﬁRE
Diff. in gean Diff. 3kT
ptul i EXC o) RODI CICEAN TEVER] R | w@d we, | memp, [megey | m
Y) (¥)) Lin.  Quad. Lin. Quad. Lin. Quad. Lin. (lzuad.
A(Eg/Ei) -0.292 -0.005 0.103 -0.068 0.041 -0.003 -0.000 -0.001 ©0.018 0.026 0.032 -0.109 -0.022 0.045 +0.198 -0.068
A;z -0.118 0.031 ~0.467 -0.046 0.080 0.002 0.000 ©0.002 0.003 0.018 =-0.687 -0.113 -0.043 0.141 ©0.042 0.033
A;L 0.015 -0.017 0.481 -0.022 -0.009 0.004 -0.000 -0.000 -0.026 0.009 -0.242 -0.043 0.005 -0.097 -0.043 0.026
A;t 0.136 0.043 -1.525 0.068 -0.071 0.008 -0.000 -0.001 -0.033 -0.026 0.378 0.125 0.038 0.150 0.083 0.057
A(ESE_EE) -0.018 0.003 ~0.451 -0.030 0.021 0.000 -0.000 0.003 -0.015 0.012 -0.523 -0.033 -0.011 0.003 0.011 0.017
AT;;T -52.136 2.553 6.987 0.329 -5.901 -0.647 -0.026 0.931 3.493 -0.130 15.559 2.963 3.192 18.212 7.190 0.918
As(Eg/Ei) -0.182 0.009 -0.18 -0.046 -0.033 -0.002 -0.000 -0.002 0.011 0.018 -0.188 -0.019 0.018 -0.034 -0.145 -0.038
As(oz) 0.013 -0.004 -0.114 -0.002 -0.030 0.002 -0.000 -0.002 0.004 0.000 0.487 0.041 0.016 0.127 -0.023 -0.023
As(cL) -0.013 -0.005 ~0.538 -0.021 0.046 0.001 -0.000 0.001 0.020 0.008 0.413 0.007 -0.024 0.059 -0.081 -0.016
As(at) -0.134 0.008 0.489 0.022 -0.083 -0.010 -0.000 -0.015 0.077 -0.009 0.251 0.015 0.044 -0.502 -0.181 -0.080
as(cos ef) 0.001 0.000 0.012 0.002 -0.018 0.002 0.000 -0.002 0.004 -0.000 0.344 0.018 0.010 0.088 0.004 -0.011
As(¢f) 6.473 2.584 ~135.163 0.354 1.317 1.136 -0.009 -0.058 1.319 -0.140 -24.577 3.889 -0.712 -19.366 1.121 0.390
Mean Input
Level (xj) 1.152 1.375 -4.83 1.732 142.5 142.5 22.5 1.151 1.151 1.375 -4.83 -4.83 1.035 1.725 1.725
Exponent (nj) 1 1 1 1 1 2 1 1 2 1 1 2 1 1 2
Notes: 1. Correlated differences (AY;) are positive 3. These coefficients are only indicative of relative
when adsorbed contaminant or lattice tempera- importance, because they have been calculated with
ture decreases correlated quantity (Y;). a relatively small factorial design.
2. Tabulated values are the correlation coefficients

in the following relationship:

(xj - xj)



only a monolayer of adsorbate. As pointed out by Cook (Ref. 15),
oxygen will be the most persistent adsorbate in most situations,
and the consideration of interaction with an oxygen layer is an
important specific application to be considered in future work.

The results of calculations using the adsorbed layer model
is discussed in the section on parametric analysis, where the
dominance of the surface layer is clearly shown in the energy ex-
change correlations.

LATTICE THERMAL MOTION

There were two major difficulties that prevented including
thermal motion in the original theory of Ref. 1. The first is
that the conservation of total energy, which is a vital monitor
on the accuracy of each trajectory computation, would not be pre-
served because the statistics would not be reliable in the small
sample of lattice atoms (a few hundred at most). The second was
that the introduction of randomness and the presence of another
independent variable would be seriously detrimental to the number
of runs required to achieve a certain level of confidence in the
results. Completion of the statistical plan of Ref. 2 and the
achievement of a moderately reliable correlation for energy ex-
change established a good standard of reference that greatly re-
lieved the second difficulty. The first difficulty was overcome
by choosing an approximate model for the thermal motion that
should represent the major effects correctly, but still preserves
a reliable energy balance for any number of lattice atoms.

An arbitrary vibrational energy per lattice atom was assigned
as an input variable. Complete equipartition was then enforced;
i.e., each lattice atom has the same vibrational energy in each
of the three orthogonal directions (x, y, z). This determined
the vibrational amplitudes, after which a random number genera-
tor assigned arbitrary initial phase angles to each of the three
directions for each atom. From that point the integration of the
motion of each oscillator subject to the forces of the gas parti-
cle (and in the case of the coupled oscillator lattice, the near-
est neighbors) proceeded in the usual way. Because the exact
quantity of energy originally possessed by each atom was known,
it was a simple matter to take it into account in the energy bal-
ance. A more realistic distribution of initial lattice states
would make this process considerably more difficult.

10



In the present model one defines an effective temperature
such that the total energy of each atom (6 degrees of freedom) is
3kT,. Figures 4, 5, and 6 show a few early results of varying
E, = 3kIW/Ei with all other input variables fixed. The centroid
of the experimental region of the 64-run plan of Ref. 2 was chosen
to determine "typical" values for all of these other variables.
These results should not be interpreted as being more than an in-
dication of probable wall temperature effects, because they cannot
show the coupling with other input parameters (most notably the
natural frequency-collision duration variable, u,7.), and be-

cause there are not enough cases to properly average out the ran-
domness inherent in the lattice motion.
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Fig. 4 Wall Temperature Effect on Energy Exchange
at Center of Experimental Region
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PARAMETRIC ANALYSIS

The large number of independent variables mnecessary to deter-
mine the state of a gas-surface interaction, and the relatively
restricted availability of high speed computation on the required
scale demand that final results of the investigations be correla-
ted in a form which can readily be evaluated. The use of nondi-
mensional parameters caused the number of independent variables
for the simplest case (monatomic gas, no thermal motion oxr surface
contamination, specified lattice structure) to be reduced from
eight to six. Two well-estabilished analytical techniques, sta-
tistical analysis and similitude, were used. The former approach
was employed extensively in Ref. 2, and is also employed in the
current effort to analyze the effects of wall temperature and ad-
sorbed surface layers. This section describes efforts to exploit
a highly simplified model of the energy exchange process in a gas-
surface interaction by correlating the results of the trajectory
calculations in the mathematical forms suggested by the simpler
model. The first effort along these lines was described in Ref. 1,
but the present approach has proven far superior to that analysis.
The assumptions and form of the following analysis rest heavily
on qualitative experience from a large number of calculated tra-
jectories, and on trial and error for several correlation forms,
as well as on the indicated mathematical development.

The energy exchange in the primary encounter with the lattice
is assumed to take place exclusively with a single atom. This im-
pact atom responds to the force field of the passing gas particle
and accepts a predictable fraction of the gas particle's energy,
after which this model assumes that the lattice atom persists in
steady state oscillation. In an actual lattice, the energy ac-
cepted would be propagated rapidly to neighboring atoms. Follow-
ing this encounter, the gas particle must either retain sufficient
momentum normal to the surface to "climb out" of the long range
attractive potential well of the entire crystal, or be pulled
back to encounter another surface atom. Each subsequent collision
reduces the possibility of escape, therefore we assume that a sec-
ond surface collision results in complete accommodation.
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Primary Collision

The driving force acting on the lattice atom in terms of an
assumed time dependence,is characterized by

F(t) = F_g(t, a) 1

where F, and a are parameters to be determined from input con-

ditions and the correlation of the results of the large scale
numerical computations of Ref. 2. Specific forms that have been
tried for g(t, a) are indicated in Table III. The lattice is
at rest at t = - o,

The assumption of a particular time dependence carries with
it the need for a consistent method of characterizing the ampli-
tude and duration of the force pulse. 1In the first attempt at a
parametric analysis of the problem (Ref. 1), a simplified momen-
tum balance was employed to determine an effective distance of
closest approach between lattice atom and gas particle. Although
conceptually consistent, the steepness of the intermolecular po-
tential made this approach much too sensitive to changes of input
conditions, and the resulting expressions for the force amplitude
were not too useful. An approach that is related to the previous
one, but which gives a better behaved expression, follows.

In the hard sphere limit (HSL), where the duration of con-
tact is so short that lattice displacement during contact can be
neglected, the energy of the lattice atom immediately following
impact is all kinetic and given by the well-known formula®

E, =¢ (2)
E, <l

N

%
All further discussion treats W > 1. The alternate case is
treated as in Eq. (2). -
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1.

Sine Pulse

2.

Triangular
Pulse

3.

Absolute
Exponential
Pulse

4.

Gaussian
Pulse

TABLE III

ASSUMED FORCE-PULSE SHAPES AND
RESULTING ENERGY EXCHANGES —— PRIMARY COLLISION

2
(L + ) o
F(t)/Fo 4y,
0 t S 0 wah
- 7T4 1 4+ cos e
sin at 0 < t < 2 L B3 2
- 2
a J a
0 t <O
2t _16 ™
P 0 <t <al/2 . A 6 + 2 cos 2
n
2(a-t) ( a ) - 8 cos zgﬁ
aa a/2 <t < a 2a
0 t 2 a
2
exp I altl} za+
a w
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Similarly, the momentum is

2u

Pe= vV ME, =T Pt (3)

where | 1is the mass of the lattice atom divided by that of the
gas particle [note that this is the reciprocal of the u used by
Goodman (Ref. 16) and Cook (Ref. 15)] and subscripts £ and i
denote lattice and incident quantities, respectively.

Figure 7 shows the results of several trajectory calculations
conducted specifically to assess the validity of applying the HSL
to the model. All of these cases have very low natural frequen-
cies (soft springs) in the lattice, and are of normal incidence.
They demonstrate the effect of the momentum constraint in Eq. (2),
even when the collision partners have "soft" potentials and a
significant lattice structure.
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-
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<
g 41 ;
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Fig. 7 Energy Accommodation Coefficient
as a Function of Mass Ratio

In an elastic collision between "soft" spheres, the expres-
sion for the final lattice momentum is given by

16



p,= | F(t) at )

if the forces of the springs are neglected. It is assumed that
the impulse transmitted to a lattice atom with springs is the
same as in the "hard" sphere limit, namely,

ar = 2
F(t) dt = L+ p Pi

(5)

When the integration of Eq. (5) is carried out for each of
the pulse shapes given in Table I1I, and the equation of motion
for the forced harmonic oscillator is solved for the final total
oscillator energy in each case, the expressions given in Table IIL
for the final lattice energy ratio result. Clearly, each case re-
duces to the correct form in the HSL, and each shows a vanishing
accommodation as «, (the natural angular frequency of the lat-
tice) approaches infinity. The above assumptions, therefore, have
the effect of decoupling the inertial factor from the dynamic re-
sponse factor associated with the spring. In each of the four
cases the result is a one parameter expression for the energy ac-
commodation in the primary collision.

At this point in the development empirical criteria are intro-
duced. Analysis of the results of the 83 separate cases first re-
ported in Ref. 2 showed that the best fit over the complete dynamic
range could be achieved by use of the Gaussian pulse, case 4 in
Table III. The interesting feature at this stage is that the value
of "a" that gives the best fit to the data is very close to

SO(Vi/c)z, where Vi is the incident molecular velocity and o

is the LJ 6-12 molecular diameter. The characteristic collision
time is, therefore, very much less than that expected from simple
physical reasoning.

Geometric Correction

The traditional hard sphere mass law assumes a head-on colli-
sion of the gas particle with the impact atom. In a glancing
collision, the logical extension of this relationship would be
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4
EE/E' = ———-E;—E c0529 where 6 is the angle between the in-

’
o+ R R
cident direction and the recoil direction. In an actual case in
which incident trajectories are uniformly distributed over the
cell surface structure, the effective mean for the recoil angle
becomes very difficult to determine. The numerical results agree
very well with

a = -

(cos Qi) (6)

oLhead-on

where 6., 1is the angle between the incident velocity and the sur-

i
face normal. The modification implied by Eq. (6) is applied to
the results for the head-on primary collision to give

[V INe)
' n
4. cos 6, a (Vi )
o =-——— e (7)
P (1 + )

where the present best value for a' is ~ 0.0l1.

Long Range Effects

Although the assumption that a single lattice atom dominates
the energy exchange has been well supported by experience in a
large number of cases, the effects of long range forces from the
entire crystal are still significant, particularly at lower inci-
dent energies. These effects arise in two ways. First, the in-
cident particle falls through a potential well before striking the
impact atom, and therefore has an increased effective incident
energy. Although this energy must be "paid back" in "climbing
away" from the lattice, the gas energy at that point has been re-
duced by the primary collision. This effect can be accounted for
by the following correction:

(Ei)zo

= (B, + AGE) (8)

where A 1is the normalized attractive potential at the approxi-
mate location of the primary collision. The corrected accommoda-
tion coefficient then becomes
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= (1 + 4) (9

If the point centers of potential are assumed to be continu-
ously distributed in a semi-infinite lattice, the total attractive
potential on a particle at 2z, can be found, by a spherical inte-
gration, to be

; |
o = %f n (Z) (o/a)° « (10)
(o)

where d is the lattice grid spacing parameter (1/2 unit cell
edge for FCC and BCC, one unit cell edge for simple cubic,

and 1/5 the edge for diamond structure), n is the number of lat-
tice atoms per volume of d3, and ¢ is the Lennard-Jones 6-12
binding energy. E; will hereinafter be considered as being es-
tablished as 2z — «. For present purposes it is assumed that

z, ~ 0, a value which represents trajectory experience fairly
well, and

*

3

_2m (o €

A== (3) 2 (11)
El cos Gi

2 e
where the cos Gi term accounts for incident angles other than

normal, as it is only the energy equivalent of the normal momentum
that is involved with the attractive potential in the continuum
approximation.

The second and most important way in which the long range
forces affect the interaction is in the trapping of portions of
the true exiting distribution of molecules. There is no rational
approach to modeling this effect in the absence of a good descrip-
tion of the output distributions as a function of input conditioms.
The experience provided by the 83 cases for which there are numeri-
cal calculations of 18-unit samples of the output distributions
again supply the needed criteria. The mean exit normal momentum

%*
See also Eq. (lla) for treatment in the case of adsorbed surface
contaminants.
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for a given incident state depends strongly on the incident normal
momentum, the energy exchange in the primary encounter, and the
lattice surface configuration. - The practice adopted here has been
to express that fraction of the exit distribution of states which
has insufficient normal momentum to prevent trapping as an em-
pirically determined function of the incident normal momentum.

This relationship is expressed as

-1/A

< - coszei(l + A (1 - GP)(l - e ) (12)

23

where again the best value for b has been determined from analy-
sis of the numerical data to be very close to 1/2, and p, 1is the
ratio of mean exit normal momentum to the incident normal momentum.
The last factor in Eq. (12) has been introduced somewhat arbi-
trarily to enforce complete trapping in the limit of small incident
energy. It has very little effect on cases having high incident
energy.

Whenever 52 < 2mgA, some portion of the exit distribution

will experience additional collisions with the lattice and be
trapped or adsorbed. An effective trapped fraction 1 can be es-
timated for these cases by

=2
pZ
n=1- 2m A (13)

Because trapping results in complete accommodation, the resulting
final expression for correlating the numerical data for cold sur-
faces becomes

2
_a'<i°.r£)
_ 4u(l + A) Vi
a=(n=-1cos 6,|—— | e + 7 (14)
o+

This relationship was used to generate the correlation in Fig. 8.
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Correlation of Wall Temperature Effects

In order to perform any comparison between the results and
existing data, there must be some understanding of the effects of
lattice thermal motion. Although a crude model for treating this
case is available in the trajectory calculations, an extension to
the parametric analysis to account for thermal motion is also re-

quired.

Marsh (Ref. 17) suggested a relaxation model for gas-surface
interactions. Although this analysis does not use his model, the
same concept of a relaxation toward thermal equilibrium during the
time of residence has been employed. The conventional definition
of thermal accommodation coefficient is avoided here, because it
has singularities for cases in which the distribution of incident
energies is non-Maxwellian (cf., Goodman, Ref. 18). Logan and
Stickney (Ref. 19) present an alternate thermal model which shows
promising agreement with thermal effects in molecular beam scat-
tering, but a simpler relationship is sufficient for present pur-
poses.

The exiting gas particle energy is assumed to be at least as
large as that resulting from interaction with the same lattice in
a cold condition. The correlation equation [Eq. (14)] is employed
to define this condition. If permitted to remain in contact with
the lattice for an indefinite period, the gas particle would emerge
with an average energy 2 ; L kTW, where n is the number of ac-
tive degrees of freedom of the gas particle. This energy is there-
fore assigned to all particles trapped [i.e., the fraction 1 in
Eq. (l4)]. After a primary collision the gas-particle energy will
probably be increased by lattice thermal vibrations, and that the
amount of this increase should depend on the time (measured in
lattice vibration cycles) that the incident particle spends in the
vicinity of the lattice. The following equation dquantizes this
argument:

(DnO'
¢y,
E,(T,) = E,(0) - 7 Eig—l kT - (L- n)(-“—?_tl kr) (1-e 1) @s)
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Once again curve fitting is used to determine a best value
for the relaxation constant c¢. The present best value for c¢
appears to be about 0.2.

Although the results of employing Eq. (15) to correlate cases
having large values of 3kTW/Ei show a lot of scatter, the ap~-

proach appears to be adequate for the present purposes. The ob-
served correlation errors seem to be almost completely due to the
small sample of random phase angles in the individual encounters,
and at this writing, there appears to be no significant effect of
any other physical variable on the correlation. Figure 9 shows
results of 70 cases involving different lattice structures, wall
temperatures, and adsorbed species configurations correlated
against Eq. (15). The input data and the other results of these
runs are tabulated in the Appendix. The adsorbed contaminant
properties were used in evaluating Eq. (15). The only effect of
the bulk that was included was in computing the long-range attrac-
tive force, for which Eq. (11) was modified to superpose the bulk
and surface-layer attractions. Because the bulk is one lattice-
point spacing further away, Eq. (11) becomes in this case

6
21 g 3 <%>b
A= 3E c0529 es(E)s + (eb B es) —————7;75 (11a)
i i (1 +E>b

where the subscripts b and s denote bulk and surface proper-
ties, respectively. This change is important when the attraction
of the bulk is very much greater than that of the surface.

Determination of Empirical Parameters

Numerical values for the coefficients a, b, and ¢ which
have been introduced to account for factors that cannot be ra-
tionally evaluated in the model, have been determined by iteration
in order to minimize the differences between values predicted for
a by Eq. (15) and the values resulting from the numerical trajec-
tory calculations of Ref. 5. The error measurement that was fi-
nally chosen for minimization (several others were also tried) was
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The form of Eq. (16) was employed to give roughly equal
weight to the cases having high and low values of o, to avoid
accidental zeros in the denominator, and to prevent one or two
very large differences from disproportionately affecting the op-
timization. The resulting values for several statistical measures
of the degree of correlation are given in Table IV, and the corre-
lations are displayed graphically in Figs. 8 and 9. It is impor-
tant to realize that the indicated data are distributed over wide
ranges of the input data, namely:

w d

0.32 < g— < 10 0.001 < 7 < 0.577
1 1
1.25 < o/d < 1.9 1.47 <u < 14.7
120° < 6, < 165° 6, = 15°, 30°
TABLE IV

STATISTICAL RESULTS OF CORRELATION (EQ. 15)

1

a = 0.01089 b = 0.531 c =0.2

83 Cases of Fig. 8 (from 70 Cases of

_ Ref. 5) Fig. 9
5 {From Eq. (16) ] 0.17 0.58
/ 2
2
Standard Error _S%gi_ 0.09 0.18
Average Error Z]da] 0.068 0.12

N

Aside from the obvious benefits of a closed algebraic expres-
sion for the energy accommodation, the present form has heuristic
benefits associated with the clear distinction between the vari-
ous mechanisms in the over-all process. The best demonstration
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of this is shown by the effective collision time for the present
group of interactions, which turns out to be an order of magnitude
less than that expected from molecular diameter and incident wveloc-
ity [see Eq. (7)]. This result helps explain why the independent-
oscillator lattice (IOL) model differs so little from the coupled-
oscillator model (COL) in the cases investigated in Ref. 2. One
would expect that the IOL would be an acceptable approximation
only if T < 1, where Te is the effective collision time.

In Ref. 2, T, Was calculated by an expression which was not very
different from o/Vi, and reasonably small differences between
IOL and COL were found when T had a value as great as 40.

This fortunate result could not be explained until the present
analysis showed that a more correct value for T is about

0.15 U/Vi. This, coupled with the inherent decrease in energy ex-
change in all lattice models as ® T, increases, yields a maximum

difference between models in energy exchanged at around who/Vi==lO.

Insights of this type should prove in the long run to be the great-
est benefit of the present approach.

CONCLUSTONS

Numerical calculation of gas-surface interactions is now pro-
ducing results of apparent practical value. The bulk of the work
remaining is concerned with the resolution of complicating phenom-
ena and corrections for shortcomings in the models. The need for
experimental data on well-characterized surfaces in the appropri-
ate energy range is more urgent than ever, because one still can-
not be sure of the physical reality of any part of this approach
until it has been carefully tested. Both scattered flux distribu-
tions and energy exchange data are required, as these phenomena
are clearly not connected in any unique way. The major trends
shown in these theoretical results should also be present in good
experimental results, but it is probably not realistic to expect
a very high quantitative accuracy for any specific case.

To briefly summarize the most important results of this re-
port:

1. Lattice configuration and azimuth angle of incidence have
been shown to be of minor importance to the gross properties of
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reflected distributions, except for very rough crystal planes such
as FCC (110) where the geometric effect is only moderate.

2. A relatively simple correlation equation, derived from a
highly idealized interaction model, gives a prediction of energy
exchanged with the lattice from known incident conditions. The
prediction accuracy, when measured against the computed cases
that are presently available, appears quite adequate in view of
the uncertainties in the computed cases themselves. The correla-
tion includes effects of finite lattice temperature, and can
handle adsorbed contaminants if their physical characteristics are
known.

3. Adsorbed contaminants, insofar as the present model re-
flects their real characteristics, will almost always control the
energy and momentum exchanges in gas-surface interactions. Even
a monolayer will almost completely isolate the gas particle from
the influence of the bulk. Knowledge of the surface structure
and bonding characteristics of such layers is therefore of first-
order importance.

4. A crude model of the thermal statistics of a "warm" lat-
tice showed no important effects on gross properties of the inter-
actions until the thermal energy per lattice atom became compara-
ble to the incident energy of the gas particle. Although not of
any real importance to hypervelocity flight, these lattice thermal
effects will play an important role in attempts to employ thermal
cell data for checking predictions of energy accommodation.

5. Statistical correlations of the data from a small pattern
of cases designed to display wall temperature and surface contami-
nant effects are given. Although these data complement the corre-
lation equation for energy exchange, their primary value lies in
their characterization of momentum and spatial flux distributions
as a function of incident conditions. The results are compared
against previously published corresponding cases for cold, clean
surfaces (Refs. 2 and 20).

6. The force pulse shapes that give best correlation with
calculated energy exchange are much more sharply peaked than was
originally expected from simple physical arguments. This fact
appears to explain why the independent-oscillator model works as
often as it does. The portion of the collision interval during
which significant energy is exchanged is usually small relative
to the time required for propagation of energy from one lattice
atom to another in a real lattice, even at incident energies less
than one ev.
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APPENDIX

TABULATION OF RESULTS

The following pages contain data from the cases described in
the text. The first 64 cases are available in greater detail in
Ref. 20. The mean values and standard deviations of the output
parameters for all 153 cases run to date are presented along with
the corresponding input variables. The aiming point pattern for
runs 1-83 isa 7 x 7 point rectangular grid on the surface of the
FCC unit cell, giving 18 unique trajectories. Runs 84-153 use a
5 x 5 point rectangular grid on the surface projection of a unit
cell. This pattern yields 8 unique trajectories for the FCC, DC,
HCP, and BCC (110) structures, and 16 for SC and BCC (100).

The format shown below is employed for data presentation.
The first two rows contain input data and the third and fourth
rows contain the mean and standard deviation, respectively, of
the output parameter. Means are denoted by bars, and standard
deviation values of x by S(x). Symbols are defined in the re-
port, except for the code FC, which is as follows:

FC -1 0 2 3 4 5 6 7
Lattice BCC  SC DC FCC FCC  FCC BCC HCP
Configuration (100) (100) (100) (111) (110) (100) (110) (100)
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The over-all data format is:

] _ :
Run 2 -a'(i.)ﬂ__) Predicted
. . g /d € /E X
No.| % I e Y S(, s/ e Vi Ey/Ef
2
L
s QG kg FC op/d e /E; E,/E;
E JE, v o o o
g/;__l_ Y % L % cos O¢ |o¢]
S(E_/E,
_m(mgfﬁl) SSYZ,_, S(o,) S (o) sgot) S(cos 6.)  S(op)
1 0.1000 120.0000 60.0000 1.2500 0.0010 0.9983  0.4473
2.0000 0.1000 2.0000 5.0000 1.2500 0.0010 0.
0.5227 0.7094 2.1882 =-0.0955 0.4517 0.5941 33.7400
0.1918 0.1396 0.4620 0.2220 0.3146 0.2313 33,6000
2 10.0000 150.0000 75.0000 1.2500 0.0040 0.8421  0.6553
2.0000 10.0000 2.0000 5.0000 1.2500  0.0040 O,
0.3910 0.6191  1.8494 0.0076 0.7762 0.7356 35,5400
0.1140 0.0883  0.2200 0.2557 0.6406 0.1905 110.7600
3  1.0000 165.0000 75.0000 1.5000 0.0010 0.9756  0.8408
2.0000 1.0000 2.0000 5.0000 1.5000 0.0010 N,
0.2226  0.4654 1.8205  0.0006  0.7427  0.7925 2642400
0.0723  0.0781 0.1760 0.2046 0.778L  0.1701 113.,2600
4 100.0000 135.0000 60.0000 1.5000  0.0040 0.0842  0,0544
2.0000 100.0000 2.0000 5.0000 1.5000 0.0040 O
0.9570 0.9782 2.0551 =—0.0454  0.4190  0.7460 23,3600
0.0294 0.0151 0.2960 0.3117 0.4801 0.2093 68,6800
5  0.1000 135.0000 75.0000 1.5000 0.0160 0.9975 0.5025
4,0000 0.1000 4.0000 5.0000 1.5000 0.0160 0.
0.6113  0.7792 1.8671 =-0.0285 0.3016 0.6131 35.6500
0.1028 0.0664 0.3623  0.2579 0.3131  0.2562 31,9800
& 10.0000 165.0000 60.0000 1.5000 0.0640 0.78298  0.5997
4.0000 10.0000 4.0000 5.0C00 1.5000 0.0640 0.
0.2781 0.5591 1.4153 —0.0348 0.6250 02.4514 32.0920
0.1423 0.1036 0.3785 0.3092 1.1770  0.3575 92.2950
7  1.0000 149.9999 60.0000 1.2500 0.0160 0.9830 0.5686
4,0000 1.0000 4.0000 5.0000 1.2500 0.0160 0.
0.4755 0.6852 1.7875 =0.0086 0.7307 0.6820 7.0750
0.1078 0.0780 0.2390 0.3181 0.7138 0.2071 98.129C
8 100.0000 120.0000 75.0000 1.2500 0.0640 0.1793 0.0874
4,0000 100.0000 4.0000 5.0000 1.2500 0.0640 O,
0.8377 0.9704 2.1139" -0.0595 0.5192 0.6266 46,0680
0.3010 0.0295 0.6332 0.4241 0.4089 0.2629 52,3010
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The over-all data

format is:

) : 1/ Oy O\ 2 .
Run 2 -a (..._) Predicted
e. . o /d € /E 3
No. Qs i ¢1 s/ s/ Vl EZ7Ei .
Vi )
o
s % by FC og/d | € /B, E_/E,
E /E v o T G “as O _ To 1
g/ i v o, o o, cos 6 |¢f|
S(E _/E.
( g/ l) S(V) S(oz) S(O’L) S(crt) S(cos Gf) S(cbf)
9 0.1000 165.0000 7T75.0000 1.2500 0.0040 00,9983 N.6225
4,0000 0.1000 4.0000 5.0000 1. 2500 ‘0.0040 0,
Oe 3987 0.6205 1.7500 0.0044 V. 7764 NDeT7244% 50.1530
0.1210 0.1172 0,2037 0.3155 1.1065 01969 100.7930
10 10.0000 135.0000 60.0000 1.2500 0.0010 ND.8421 0.3826
4.0000 10.0000 4, 0000 5.0000 1.2500 0.0010 Q.
0.6051 Q0.7715 19551 -0.0470 D. 8444 De6961 49,3360
0.1532 0.0990 00,2863 0.3327 0.7683 N.,19835 88,1030
11 1.0000 120.0000 60.0000 1.5000 0. 0040 0.9756 00,3298
44,0000 1.00C0 44,0000 5.0000 1.5000 N.,0040 0.
00,7792 0.8810 2.1541 -0.,0529 0.2314 0.5770 21.7380
0. 0957 0.0550 0. 4066 0.1645 0.2121 0.2033 15,3375
12 100.0000 149.9999 75,0000 1.5000 00,0010 0.0842 0.0469
4,0000 100.0000 44,0000 5.0000 1.5000 0.0010 0.
0.9464 0.9727 1.88068 -=-0.0302 0.7546 D.T7626 48,5450
0.0310 0.0160 0el1977 0.4041 0.8716 0.1713 95,2130
13 0.1000 149.9999 60. 0009 1.5000 0.0640 09975 1.0000
20000 0.1000 2.0000 5.0000 1.5000 N.0640 O
0.0362 04657 1.1138 0.0593 Ne.9136 0.5913 ~0Q,67560
0.0830 0.0500 0.2560 0.2499 0.2070 N.0598 45.3410
14 10.0000 120.0000 75.0000 1.5000 0.0160 0.7808 0.,4255
2.0000 10.0000 2.0000 5.0000 1. 5000 0.0160 O,
0.7196 De 8464 1.8209 -0.0417 0.1625 D414 34,3750
0.1009 0.0603 0.3950 0.1918 0.1456 00,1975 15.5480
15 1.0000 135.0000 75. 0000 1.2500 0. 0640 0.9830 0.8855
2.0000 1.0000 2.0000 5.0000 1.2500 0.0640 0.
0.0551 0.4939 1.1709 0.0422 0.8952 0.544%1 18.8410
0.1082 0.0676 0.3544 D.1653 0.2290 N.2291 37.5570
16 100.0000 165.0000 60,0000 1.2500 0.0160 061793 0.1593
2.0000 100.0000 2.0000 5.0000 1.2500 ND.0160 Q.
0.8785 0.9370 1.7582 030060 0.7865 0.7324 48,8800
0.0468 0.0251 0.1776 0.4106 le 7661 0.1716 1D02.9520
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17

18

19

20

21

22

23

24

25

26

27

0.1000
4.,0000
-0.
—O-

10.0000
4.0000
0. 6005
0.1032

1.0000
4.0000
0.2977
0.1328

100.0000
4.0000
0.9307
0.0444

0.1000
2.0000
0.2918
0.1753

10.0000
2.0000
0.4030
0.1868

1.0000
2.0000
0.3034
0.1146

100.0000
2.0000
0.9821
0.0156

0.1000
2.0000
0.1825
0.0917

10.0000
2.0000
0.0591
0.1090

1.0000
2.0000
0.5252
0.1755

120.0000

0.1000
—00
_Oc

149.9999
10.0000
0.7721
0.0673

165.0000
1.0000
0.5762

~0.0772

135.0000
100.0000
0. 9644
0.0231

135.0000
0.1000
0.5567
0.1357

165.0000
10.0000
0.6424
0.1192

150.0000
1.0000
0. 5404
0.1068

120.0000
100.0000
0.9910
0.0079

165.0000
0.1000
0.4178
0.1121

135.0000
10.0000
0.4039
0.1303

120.0000
1.0000
0.7133
0.1289

60. 0000
4., 0000
1.0000

"O.

75. 0000
4.0000
1.8307
0.2322

75.0000
4. 0000
1.4819
0.4364

60.0000
4. 0000
2.0089
0.2688

75,0000
2.0000
1.8831
0.4237

60.0000
2.0000
1.8013
0.2663

60.0000
2.0000
1.8391
0.2197

75. 0000
2.0000
2.2067
0.3732

75.0000
2.0000
1.5266
0.2877

60.0000
2.0000
1.0671
0.6983

60. 0000
2. 0000
1.9912
0.5472

15000

5.0000
‘Oo
-0.

1.5000
5.0000
-0.0102
0.3133

1.2500
5.0000
-0.0406
0.2937

1.2500
5.0000
-0.0536
0.3865

1.2500
5.0000
0.2251

1.2500
5.0000
0.0554
0.2430

1.5600
5.0000
-0.0124
0.2160

1.5000
5.0000
-0.1052
0.2811

1.5000
5.0000
0.0021
0.2238

1.5000
5.0000
0.0093
0.1489

1.2500
5.0000
-0.0705
0.1923

0.0640
1. 5000
1.0000
—0.

0.0160
1. 5000
044006
0.6087

0.0640
1.2500
0.5977
l1.1642

0.0160
1.2500
0.6216
0.6431

0.0040
1.2500
0.6740
0.3516

0.0010
1.2500
1.0180
0.9141

0.00490
1.5000
0.5453
0.4555

0.0010
1.5000
0.2119
0.2224

0.0160
1.5000
0.5024
0.8584

0.0640
1.5000
0.8634
0.2188

0.0160
1. 2500
0.3653
0.2570

09975
0.0640
-0O.
"'0.

0.7808
0.0160
0.7194
0.2011

0.9830
0.0640
0.5237
0.4117

0.1793
0.0160
0.7134
0.1901

0.9983
0.0040
0.7025
N.2148

0.8421
0.0010
0.8196
0.1810

D.9756
0.0040
0.7267
0.1904

0.0842
0.0010
0.6034
D.1866

0.9975
0.0160
0.5087
0.2780

0.7808
0.0640
0.1423
0.8473

0.9830
0.0160
0.4956
0.2736

0.8918
0.

-0

-0

0.4654

0.
42.2600
67.5690

0.6929

0.
35.7030
92.4670

0.0864

0.
21.7130
87.6320

0.6377

O.
38.7377
67.6007

0.7246
o.

-0.5042

120.9627

0.7651

0.
23.9723
72.1194

0.0379

0.
41,2059
25,0959

0.9266

O'
44.8013
85,2093

0.8821

0.
17.2548
27.1620

0.4941

0.
27.4722
24,1498
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The over-all data

format is:

1/ Dp O\ 2 .
Run 2 -a(___o Predicted
o /d € /E, "
No. Q 0; N o/ /By e Vi Ey/E;
2 .
Hg OB Hg FC og/d | & /E; E,/Es
E /E v R re T cos 0. To 1
g/ i v o, o o, cos 6. o]
S(E /E. S(V
(E,/E;) (V) | SCo,) | 8(op) | S(a,) |S(cos 6.)| S(op)
28 100.0000 150.0000 75.0000 1.2500 0.0640 0.1793 0,1621
2.0000 100.0000 2.,0000 50000 1.2500 0.0640 O.
0.8016 0.8954 l.6576 ~0.0094 0.6516 0.5695 38,7792
0.0779 0.0435 Cs3780 Ne.4485 0.9630 0.3275 92.7295
29 0.1000 150.0000 60.0000 1.2500 0.0010Q 0.9983 N.5548
4.,0000 0. 1000 4, 0000 5.0000 1.2500 0.0C10 Ne
0.3160 0.5948 1.6897 0.0160 0.7220 0.7168 10,2699
0.2193 0.1596 0.3655 0.2408 0.58%4 0.1861 90.4229
3C 10.0000 120.00C0 75.0000 1.2500 Q. 0040 Ne8421 0.2783
4.,0000 10.0000 4, 0000 5.0000 1.2500 0.0040 C.
0.7911 0. 8879 2.1833 -0.1172 0.3170 0.5916 44,7948
0.0923 0.0523 0.4276 0.2860 0.2638 0.2139 29.2305
31 1.0000 135.0000 75.0000 15000 0.,0010 0.,9756 Dedba4b6
4.,0000 1.0000 44,0000 5.0000 1.5000 0.,0010 0.
0.5853 0.7841 149792 -0.0743 D.5261 0.7332 48.0419
0.1787 0.0708 0.3453 0.2912 0.3885 D.1824 53,4105
32 100.0000 165.0000 60.0000 1.5000 N0.0040 0.0842 n,0528
4.,0000 100.0000 4 40000 5.0000 1.5000 DLQC4D Ne
0.9487 0.9739 1.8011 -0.0033 0.6491 D.7T738 52.4764
0.0259 0.0133 0.1502 0.4202 1.6236 Nel451 96.64T74
33 0.1000 135.0000 60,0000 1.2500 N. 0640 ND.9983 0.5700
4.,0000 0.1000 4, 0000 5.0000 1.2500 0.0640 O,
0.3382 0.6255 1.7403 0.0200 0.8214 Neb6282 11.5760
0.2052 0.1223 0.4733 0.3261 0.4132 0.2621 B86.6593
34 10.0000 165.0000 75.0000 1.2500 0.C1l60 N.8421 0.5388
4,0000 10.0000 4.0000 5.0000 1.2500 0.0160 O
0.5138 0.7151 147440 0.0075 07959 0.7186 47.7572
0.0730 0.0507 0.1978 N.3308 1.3578 ND.1912 109.5016
35 1.0000 150.0000 75.0000 1.5000 0.0640 0.9756 0.8175
44,0000 1.0000 4.0000 5.0000 1.5000 N 0640 Oe
0.2992 0.5775 1.5368 -0.0010 Qe 6276 0.5230 47,6860
0.1741 0.1367 0.4335 0.2884 05599 D«3580 68.172¢C
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36

37

38

39

40

41

42

43

44

45

46

100.0000
4.0000
1.0304
0.0232

0. 1000
2.0000
0.6768
0.0954

10.0000
2.0000
0.4587
0.1050

1.0000
2.0000
0.2317
0D.1386

100.0000
2.0000
0.8844
0.0605

0.1000
2.0000
0.2274
0.1186

10.0000
20000
0.1598
0.2128

1.0000
2.0000
0.3943
0.1365

100.0000
2.0000
0.8188

0.0506

0.1000
4.,0000
0.4591
0.0779

10.0000
4.0000
0.7314
0.0965

120.0000
100. 0000
1.0151
0.0115

120.0000
0.1000
0.8206
0.0588

150.0000
10.0000
0.6728
0.0778

165.0000
1.0000
0.4615
0.1370

135,0000
100.0000
0.9399
0.0323

150.0000
0.1000
0.4600
0.1286

120.0000
10.0000
0.5749
0.1763

135.0000
1.0000
0.6184
0.1164

165.0000
100.0000
0.9048
0.0278

165.0000
0.1000
0.6750
0.0587

135.0000
10.G000
0.8533
0.0567

60.0000
4.0000
2.2421
0.4631

75. 0000
2.0000
1.8954
0.2650

60.0000
2.0000
1.8857

0.2024

60.0000
2.0000
1.8048
0.2330

75.0000
2.0000
1L.9558
0.2748

75.0000
2.0000
1.6192
0.3217

60.0000
2.0000
1.3348
0.5358

60.0000
2.0000
1.7260
0.3737

75.0000
2.0000
l.6906
0.2478

60. 0000
4.0000
1.8041
0.1441

75.0000
4.0000
1.9979
0.2707

1.5000
5.0000
0.2220

1.5000
5.0000
-0.0554
0.1675

1.5000
5.0000
-0.0131
0.2703

1.2500
5.0000
0.0049
0.2130

1.2500
5.0000
-0.0305
D.420U8

1.2500
5.0000
-0.0088
0.2340

1.2500
5.0000
-0.0702
0.1917

1.5000
5.0000
-0.0262
0.1837

1.5000
5.0000
-0.0011
0.4395

1.5000
5.0000
0.0050
0.2839

1.5000
5.0000
-0.0424
0.2822

0.0160
1.5000
0.2048
0.2702

0.0040
1.5000
0.1881
0.1237

0.0010
1.5000
0.6957
0.6025

0. 0040
1.2500
0.9297
0.7418

0.0010
1.2500
0.8195
0.7230

0.0160
1.2500
0.6927
0.5497

0.0640
1.2500
0.7646
0.2994

D.0160
1. 5000
De 3425
0.2540

0. 0640
1.5000
0.3751
1.6830

0.0010
1.5000
0.7883
1.2146

0.0040
1.5000
0.3494
0.3644

0.0842
0.0160
D.6211
0.2316

0.9975
0.0040
0.4477
0.1325

0.7808
0.0010
0.7671

V1753

G.9830
0.0040
Q7774
0.2251

0.1793
0.0010
0.6759
0.1944

0.99383
0.0160
0.5363
0.2787

N.8421
0.0640
0.3767
0.2875

N.9756
0.0160
Ne5134
0.2643

N.0842
0.06490
0.6670
0.2394

0.9975
0.0010
07767
0.1393

N.7808
0.0040
0.7057
0.1915

0.0330

0.
22.0040
20.3284

0.4684

O.
35,5052
13.9904

0.6039

O.
10.2383
96.6654

0.8514

0.
66,7226
107. 6409

ND.1132

-r.).
22,9274
96.4432

0.8020

O-
67.6818
87.7986

0.7711

0.
2646448
28.5728

0.6825

O.
21.1099
24,4266

0.0898

n.
42.3444
89,6764

0.6190
0.

29.3320

107.9345

D.3633

0'.
39.9835
39.1466
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The over-all data format is:

%02l predicted
Run 2 o [d € /E, 'a(v. ) re
No. | % o1 1 s/ s/Bi |e Vi E4/Ef
2
K 5 Mg FC O‘B/d c—:b/Ei EW/El
Eg/Ei v g, o, g, cos 0 log|
| S(Eg/Ei) sS(V) s(cz) s(c:L) S(ct) S(cos ef) s(¢f)
47 1.0000 120.0000 75.0000 1.2500 N. 0010 0.,9830 0.3171
4,0000 1.0000 4, 0000 5.0000 1.2500 0.0010 0.
0.7315 0.8519 2.1609 -0.,1261 0.3579 0.5805 48.4619
0.1276 0.0758 0.4102 D.2848 U.3193 0.2051 35,4703
48 100.0000 150.0000 60.0000 1.2500 0., 0040 D.1793 0.1005
4,000 100.0000 44,0000 5.0000 1.2500 05.0040 0.
0.9148 0.9563 1.8482 -0.0096 0.8423 0.7345 22.4707
0.0391 0.0205 0.1925 0.4196 0.9327 ND.1668 107.0757
49 0.1000 135.0000 60.0000 1.5000 0.0010 0.9975 0{6314
2.0000 0.1000 2.0000 5.0000 1.5000 N.0010 0.
0.3754 0.6394% 1.8592 -0.0409 0.5393 N.6835 42.6681
0.1885 0.1170 ND.4161 0.2100 De3604 0.2134 54,5798
5 10.0000 165.0000 75.0000 1.5000 0. 0040 0.7808 0. 6805
2.0000 10.06000 2.0000 5.0000 1.5000 0.0040 0.
0.4251 0. 6486 1.8068 —-0.00N4 0.6277 0.7733 49,7178
0.0857 0.0667 0.1428 0.,2713 1.0724 0.1380 94,1813
51 1.0000 150.0000 75.70000 1.2500 0.0010 0.9830 D.T7587
2.0000 1.0000 2.0000 5.0000 1.2500 0.00G1¢0C O.
0.2549 0.5457 l1.7028 N.0265 Ne 8946 0.7825 37.0384
0.2222 0.1734 0.4180 0.1876 0.5076 0.1801 101.4317
52 100.0000 120.0000 60,0000 1.2500 0.0040 0.1793 0.0823
2.0000 100.0000 2.0000 5. 0000 1.2500 0.0040 Oe
0.94 47 0.9717 2.3631 -0.1133 0.4274 De6815 36,6673
0.0451 0.0234 0.4896 0.2932 0.3925 Nel2448 42,8927
53 0.1000 120.0000 75.0000 1.2500 0.0160 0.9983 N.3613
4.0000 0.1000 4. 0000 5.0000 1l.2500 J.0160 D.
0.7162 0.8436 2.0515 -0.0893 0.3080 0.5258 42.0613
0.1130 0.0674 0.5244 0.2740 0.2627 Ne2622 28.5260
54 10,0000 150.0000 60.0000 1.2500 0.0640 De.8421 0.5482
4.,0000 10.0000 4,0000 5.0000 1.2500 0.0640 0.
0.3088 0.5796 1.5391 -0.0147 ND.8343 0.5253 25.6911
0.1602 0.1118 0.359% 0.3281 0.6383 N.2800 92,4463
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55

56

57

58

59

60

61

62

63

64

65

1.0000
4.0000
0.4528
0.0839

100.0000
4.0000
0.8743
0.2160

0.1000
4.0000
0.5356
0.0982

10.0000
4.0000
0.8242
0.0941

1.0000
4.0000
0.5584
0.1366

1060.0000
4.0000
0.8958
0.0406

0.1000
2.0000
0.0260
0.0515

10.0000
2.0000
0.4336
D.1538

1.0000
2.0000
-Qe
-0.

100.0000
2.0C00
0.9334
0.0359

9.1900
14.6800
0.8685
0.0484

165.0000
1.00C0
0.6701
0.0632

135.0000
100.0000
0.9639
0.0259

150.0000
0.1G00
0.7288
0. 0670

120.0000
10.0000
0.9063
0.0527

135.0000
1.00C0
0.7415
0.0924

165.0000
100.0000
Ne9462
0.0216

165.0000
0.10C0
0.3427
0.0485

135.00C0O
10.0000
0.6485
0.1187

120.0000

1.0000
-0
-0

150.0000
100.0000
0.9661
0.0187

135.0000
9.1900
0.9321
0.0261

60,0000
4, 0000
l1.7380
0.1940

75. 0000
4,0000
1.8382
D.4628

75.00090
4.0000
1.8666
D.,2002

60. 0000
4,0000
22689
0.4l41

60., 0000
4,0000
1.9750
0.3311

75,0009
4,0000
l.7559
0.2010

60.0000
2.,0000
1.1652
0.3437

75.0009
2.0000
1.8443
0.4389

75. 2000
2.0000
1.0000

-0e

60.0000
2.0000
1.8799
0.2157

604 0000
14.6800
1.8727
0.0915

1.5000
5.0000
-0.0019
0.3124

1.5000
5.0000
-0.0311
0.3941

1.5000
5.0000
-0.0155
N.2925

1.5000
5.000N
-0.0756
0.2008

1.2520
5.0000
-N., 0605
0.3038

1.25900
5.00Q0
D.4481

1.2500
5.00700
0.0373
0.2029

1.25010
5.0000
-2.0407
00,2630

1.5C00
5.0C00
_O.
"O.

1.5000
5.0000
-0.0121
0.3734

L.6200
5.0G930
-0.0108
0.2971

0.0160
1.5000
0.4780
1.19990

D. 064D
1. 5000
0.3693
D.4804

0.0040
1.59G0
N.5212
0.5969

0. 0010
1.5009
0.2886
0.2645

0.0040
1.250N
J. 6848
0.5311

0.0010
l1.2500
1.0794
1.6676

0. 0640
1.250n0
D.961973
De1376

D.C160
1.2570
De5l44
Ne 4087

Ne 0640
1..50730
1.00120
-0

0.0160
1. 5000
D41 77
De 7457

0.0451
1.6200
0.2230
0. 4093

D.9756
0.01560
N0.7128
N.1875

0.0842
0.,0640
Ne6277
N.3026

0.9975
0.0040
0.7505
D.1735

0.7808
0.C010
NDe6345
0.2071

N.,9830
0s0040
N.6894
0.2342

Na1793
ND.0010
NeT7293
D.1942

0.9983
0.0640
0.7134%
N,3076

2.8421
0.0160
0.5970
0.3097

D.9756
C.Ce4C
=0

—f).

0842
0.0150
N.7620
0.1869

0.,7670
0.0451
D.61T71
0.4093

N.63796

0'
47.0251
89,9241

0.0553

O.
38.5138
50.65%6

0.5633

O.
41.8711
7706614

N.2534

O.
264298
22.9306

ND.4521

N
51,0551
79.0945

7.1111
De

63.6069

117.5735

N.9979

0.
54,4581
72.6438

0.5639

N,
46,3007
61.9731

N,9787
N.

'—Oo

-N,

Ne 0697
A

Ve

23.0508
76.7217

Nf.,1815

Da
22,3400
37.1900
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The over-all data format is:

17000\ 2] pendd o
Run 2 s 7/d ¢ /E -a<—7—> Predicted
No.| % °1 °1 ! ! Vil | Ey/E
2
Mg {4 g FC op/d e, /E; E_/E,
E_/E, v o o o cos 6. To 1
g/ i » o o, cos 6 [og]
S(E_/E. S(V S(o
(B /E;) (V) (6,) | S(op) | 8(o) |S(ecos 8. S(¢p)
66 23200 135.0000 60.0000 1.6200 0.0113 0.9352 GCe1738
14.6800 23200 14.6300 5.0C00 1.6200 N.G113 0.
0.8868 0.9415 2.0121 -0.0230 042590 0.7156 23.7CGNO
0.0398 0.0212 0.2787 D.2527 D.3674 Ne3674 340.8400
67 23200 165.0000 60.0009 1.6200 0.0113 0.9352 N.2274
14,6800 2.3200 14.6800 5.0C09 1.6200 0.0113 0.
0.8236 0.9074 1.8367 -0.0019 0.3785 D.8C82 45,22CC
0.0378 0.0209 0.1228 0.3549 1.3636 10.3636 880.3CG0C
68 0.5800 135.0000 60.0000 1.6200 0.0028 N.9834 0.1707
14,6800 0.5800 14.6800 5.0000 1.6200 D. 0028 n,
0. 8830 0.9395 2.0515 —-0.0357 De3434 Ne7436 31.9800C
0.0401 0.0214% D.2802 0.2667 Qo412 De4012 430,9700
69 0.5800 165.0000 60.0009 1.6200 0. 0028 N.¢834 N.2299
14,6800 0.5800 14.6800 5.0G00 1.6230 0.0028 0.
0.8264 0.9089 1.8234 -0.0025 0.5378 D.7953 49,5000
0.0335 0.0185 D.1332 0.303¢4 1.4355 10.4355 930,5800
7C PD.1450 135.0000 60.0000 1.620n0 . Q007 N.9958 N.1692
14,6800 0.145C 14.6800 5.0000 1.6200 C.NOD7T Oe
0.8708 0.9328 2.0695 -—-0.0533 De 4165 N.7563 20,3700
0.,0460 0.0246 N0.2518 063740 Je 4965 Ne4965 750,3000
71 47.2000 135.0000 A0.0000 1.7290 0.1383 0.2152 0.7896
249100 47.2000 2.9100 5.0000 1.7200 D.,1383 O,
0.4554 0.6625 1.5775 0, 0061 0.2112 0.4084 21,8500
0.1968 0«1568 0.4981 0.2029 De 3794 03794 280,4000
72 11.8000 135.000C 60.0000 1.7200 0.0346 N.6811 Ny5701
2.9100 11.8000 29100 5.0000 1.7200 0.0346 0,
0.5804 0. 7579 1. 7247 -0D.0144 0.1936 0.5124 18.0000
0.1232 0.0823 0.3993 N.2020 N.2598 0.2598 200.5800
73 11.8000 165.0000 60,0000 1.7200 0.0346 D.6811 Ns5999
2.9100 11.8000 2.9100 5.0000 1.7200 Ne0346 0.
0.3605 0.5944 1.6925 =0.0016 De. 2506 0.6689 22,2900
0.1067 0.0907 0.3176 D0.2596 D.9786 Q.9786 79n,770n0
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14

75

16

77

78

79

80

81

82

83

84

2.9500
29100
0.6047
0.1077

2.9500
2.9100
0.3934
0.0931

0.7370
2.9100
0.5978
0.1066

93.1600
1.4700

"Oo

-O.

23.2500
1.4700

-0.

-0

23.2500
1.4700

_0.

=0.

5. 8200

1.4700

0.0797
"0-

5.8200

1.4700

0.0488
-0.

1.4550
1l.4700
0.4298
0.0920

2.9100
1.4700
0.3436
0.1003

0.1000
2.0000
0.8583
0.38049

135.0000
29500
0.7745
0.0707

165.0000
2+9500
N.6228
0.0758

135.0000
0.7370
0.7700
0.0703

135.0000
93.1000
—'Oo
-0.

135,0000
23.2500
-0.

_0.

165.0000
23.2500
_Oo
-0.

135.0C00
5.8200
0.6043
0.0651

165.0000
5.8200
0.3616
0.1354

135.0C00
1.4550
0.6529
0.0705

135.0000
2. 9100
0.6046
0.0818

120.0000
0.1000
-0.0527
0.1416

60.9317090
209100
1.8913
0.2544

60.0000

2.9100

L.8316
0.1380

6040099
29100
l.9667
De2496

60.0009
1.4700

~0.

-0.

60. 0000
1.4709

=-0.

"O-

60.0000
1.4700

—O‘

=0

6040009
L4700
0.8746

—r)-

60. 9000
1.4700
1.5863

-0

60. 0003
1.4700
1.5815
0. 2097

60. 0000
1.4700
1.3077
0.4183

105.0000
2.0000
1.9232
0. 7511

1.7200
5.0000
”0001{)0
0.1640

1.7200
5.0000
~-0.0008
N.2322

1.7200
5.0000
-0.0257
0.1769

1.8950
5.0000
O.

_0'

1.8950
5.0000
0.

-0.

1.8950
5.0000
~0.
-0.

1.8950
5.0000
0.0228
D.0823

1.8950
5.009N
-N.0425
0.14173

1.8950
5.0000
-0.0C61
D,0788

1.8950
5.0090
-0.0038
N.0790

1.2590
5.0000
0.6335

0.0087
1.7200
0.2179
e 2292

0.0087
l. 7200
Ne3346
N.8912

D 0022
1.7290
0. 2898
ND.0259

Ve 5770
1.8950
_O.
-0

O.1443
1.38950
-0
—0a

Ve l443
1.8950
—0-

=e

D.0361

1.8950

N.1629
_O-

DJeN301

1.895D

D.3616
~0.

0. 0090
1.8950
D.1829
0. 0999

0.0180
1.8950
0.2101
Nel216

N.0010
1.2500
De 7406
1. 3830

0.9C85
D.0087
De6303
Ne2232

D.9085
0.0087
N.8033
1.8912

0.9763
0.0022
ND.6836
D.2591

N.0253
DeH 770
"O.
-,

Ne3992
Yeld43
-1,
-0

De3992
O0.1443
-0.
=N,

DeT346

N.0361
"r)-

D.16G23

{)07946

D.,0361
_'f)c

De4520

De9441
N.NGI0
Ne4l112
D999

Ne8914
0.0130
N.2176
N.1216

Ne9933
N.Q010
D.4616
De3755

0e5344
0.

18,2800

170.4100

0.7013
0.

2345500

840.9100

N.5379
O

20,7600

210.4500

0.95454
0.

-0,
Da

N.9919
O-

—!)'

'-O.

N0,9728
(3N
—Oo

"0-

N.959°?
N

_0-

BN 370G

Ne9929
0o
-0

550.0800

Na7260
De
~Da
70,8100

0.8656
Q.
“00
80.G8C0

O0.2888%
3.1623
73.3110
59.8723
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The over-all data

format is:

1 —rdhﬁﬁf*' .
Run 2 -a(———> Predicted
. . o /d € /E. )
) 2 | oo | e | oere | e | 00| TR
5 - le B4
Mg g Ky FC og/d | &,/E; BBy
E /E. v o 5. G cos 6. To |
g/ i v o, op o, cos 6. |¢f|
S(E _/E.
( g/ ) s S(g,) S(o;) S(a,) S_(CQS 6¢) S (o)
85 10.0000 150.0000 120.0000 1.2500 0,0040 N.8421 0.6587
2.0000 10.0000 20000 5.0000 1.2500 N.0040 N,1000
048179 0.5797 le 8446 -0.1411 0.6432 07315 89.1956
0.1838 0.2080 03471 0.1818 0.4750 0.3006 71.9176
86 1.0000 165.00C0 120.0000 150920 0.0010 D.97556 0.8065
2.0000 1.0000 20000 5.0000 1.5000 0.0010 0.3162
03340 1.0554% 1.8285 -0.0790 De4302 0.8002 112.2004
0.1736 0.2751 0.1285 0.1860 1.0019 Nell4al T6.5242
87 100.0000 135.0000 105.0000 1.5000 0.0040 0.N842 -0.5781
2.0000 100,0000 20000 5.0000 1.5000 D.0040D 1.000N0
1.0367 -0.0734 1.9939 N.1606 N.2311 0.7028 55,2295
0.1062 0.2124 0.2714% 0.2409 0.4593 Q.1919 45,8727
88 0.1000 135,0000 1290.2000 1.5000 N,0160 00,9975 Q4862
4.0C00 0. 1000 44,0000 5.0000 1.5000 0.0160 0,1000
0.6013 D.4514 1.8890 -0.10890 0.4340 Neb286 T7.4723
0.0873 0.0988 0.3561 0.1986 0.4888 0.2518 72.0826
89 10,0000 165.0000 105.0000 1.5000 Je 0640 Ne78N8 -N,6832
4.0000 10.0000 4,0000 5.00030 1. 5000 0.0640 3.1623%
1.4097 0.1523 1.7607 0.1574 -0.3560 NDeT7348 55.6497
0.7958 0.2959 0.1504 0.5182 1. 7091 Nelé452 68.6737
90 1.0000 150.0000 105,0D1000 1.2500 N.0160 N.9830 0.4348
4,0000 1. 0000 44,0000 5.0000 1.2500 0.0160 1.0000
1.1505 0.9033 1. 7379 Dellb4 -0,2267 0.6390 53.6729
D.4158 24948 0.2328 0.3430 De 8097 0.2C16 44,3697
91 100.0000 12G.0000 120.0000 1.2500 0. 0640 00,1793 -0.1107
4,0000 100.0000 4,0000 5.0000 1.2500 0.0640 0.3162
0.8989 0.1201 22049 0.2486 0.3590 D.6025 63.2778
0.1132 0.1344 0.5299 0.2588 N.3519 Ne2649 38.4960
92 0.1000 165.,0000 120.,0000 1.2500 0. 0040 0.9983 N.4634
4.0000 0.1000 4,0000 5.0000 1.2500 2.0040 3,1623
0.8526 =-0.2537 1.4084 ~0.,1677 0.4604 De3945 127.5595
0.6124 1.0538 0.2154 0.3675 2+ 8994 0.2081 709899

38




93

94

95

96

97

98

99

100

101

102

103

10.0000
4.,0000
0.5880
0.1332

1.0000
4. 0000
0.6198
0.2629

100. 0000
4.0000
1.0211
0.1924

0.1000

2.0000

0.2456
‘0.

10.0000
2.0000
1.5860
0.6909

1.0C00
2,.0000
0.8288
0.4798

100.0C00
2.0000
0.8684
0.0994

3.1620
2.8180
0.3879
0.1446

0.1000
1.0000
0.2698
0.1585

1.0000
4.0000
0.5166
0.1311

0.1000
4.0000
0.4605
0.1317

135.0000
10.0000
0.4337
0.1402

120.0000
1.0000
D.4516
0.3124

150.0000
100.0000
-0.0422
0.3847

150.0000
0.1000
De 7941

—Oo

120.C000
10.0000
1.0084
1.1889

135.,0000
1.0000
0.3423
0.9597

165.0000
100.0000
0.1563
0.1180

142.5000
3.1620
0.6113
0.1195

142.5000
0. 10C0
0.4968
0.1522

142.5700
1L.0000
0.7127
0.0934

142.5000
0.1000
0.6723
0.0932

105.0000
4.0000
1.9577
D«3398

105. 0600
440000
2.5935
0.2891

120. 0000
440000
1.9311
0.1314

105.0000
2.0000
1.7346

_Ol

120. 0000
2.0000
2.0347
O. 54’3/"‘

120.0000
2.0000
l1.9417
0.3511

105.0000
2.0000
1.8194
0.1863

112.50090
2.8180
1.3252
0.2063

112.5000
1.0000
1.9004
N.2323

112.5000
4,0000
1.9204
0.2011

112.5000
4,0009
1.9590
0.1679

1.250¢C.

5.0000
-N.1168
N.3283

1.5000
5.0C090
-0.0503
0.1210

1.5000
5.0000
~0.1928
N.3303

1.5000

5.0000
_001533
-0.

1.5600
5.0000
0.2083
N.1906

1.2500
5.0000
0.0281
0.5454

1.2500
5.0GI0
~-0.2270
03040

1.3750
5.0000
N.0114
De 2684

1.25090
5. G009
N.1089

1.50100
5.0C00
0.0468
N.2829

1.2500
50030
-0.,0251
0.1686

0.0010
1.2500
0e9493
Je 5404

0.0040
1L.5000
Ve 68473
0. 4005

0.0010
1.5009
0.9681
0.8392

Ne 0640
1.5000
0.2989
=0

N 0160
1.50300
-0,0213
0.1083

0.0640
1.25Q0
Q6693
Da3116

0.0160
1.2570
1. 4704
1e5012

0. 0080
1.3750
N0.9273
De5452

7.001C
1.2500
0.5003
Ne2712

0.0040
1.5000
0.9943
De 6461

0.00190
1.250N0
N.8757
D.65679

0.8421
2.0C1L0
Na6T772
NDe2492

De9756
0.0040
De7927
Ne1679

D.0842
2.0GLO
480063
Del138

0.9975

Ne0640

Ne6362
-00

0.7898
Ve0150
Ded174
DJ2TL7

J.9830
N,0640
D.6659
Ne.2493

De1793
N.0160
N.7915
Je1874

DeI304
D.0C80
Na7349
N.1636

N.9633
D.0010
Ne7143
D.1843

D.9756
0.0040
D.73N02
D.1596

0.9933
0.0010
0.7698
N.1332

03633
0.1000
152.6922
106.5563

Ne3329
0.,3162
10644110
T2.5000

~-1e5855
1.0000
70,2155
104,.,3964

0,9353

0.1000
B3.67239
—")o

-0.8340

3.1623
Hle7552
12.3971

0e48973
1. 000N
S4.7256
6243203

-0.02356
(".3]_62
151.A50R8
93.3098

N.5943
0.

44,3370

112.4637

0N,7992
N

£3.2583
28.3795

D.5081
0.

41.3384

108.3826

N.5115

Ne
45.G224
107, 62932
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The over-all data format is:

N N2 predicted
Run 2 o /d c /E. -a(—7—> redicte
No. b % ° 'S/ S/ ije Vi E4/E;
2 _ .
Ky & by Fc oB/d eb/Ei EW/Ei
‘Eg/Ei v g, o o, cos 6 |¢f|
S(Eg/Ei) S(V) S(cz) S(cr S(ot) S(cos ef) S(¢f)
104 3.1620 142.5000 112.5000 1.3750 0. 0080 039364 0.5943
2.8180 3.1620 2.8180 5.0000 1.3750 0.0080 O.
0.4758 Qe 6844% 1.9516 -0.0213 0.6206 D.7549 B8B8.0035
0.1174 0.0867 0.2746 0.2453 0.4991 J.2178 71.6279
105 0.1000 142.5000 112.5000 1.2500 0.0010 00,9983 0.7992
1.0000 0.1000 1.0000 5.0000 1.2500 0.0010 N.
0.0521 0.2222 18864 -0.0595 0.7887 0.7032 89.4510
0.0278 0.0573 0.1770 0.0452 0.0799 0.1404 14.9254
106 1.0000 142.5000 112,5000 1.5000 0.0040 0.9756 0.5081
4,0000 1.0000 4, 0000 50000 1.5000 0.0040 D
0.6085 0.7777 le9593 =-0.0124 0.5127 0.7611 86.1686
0.0934 0.0617 0.2405 0.2802 Qe4aT41 0.1908 64.5695
107 0.,1000 142.5000 112.5000 1.2500 0.0010 0.9983 0.5115
44,0000 0. 1000 4.,0000 5.0000 l.2500 0.0010 O
0.3800 0.6096 1.9482 -0.1104% 1.0093 0.7523 106.4253
0.1168 0.0919 0.2134 0.1888 0.5863 0.1693 109.7740
108 0.0100 142,.5000 112.5000 1.5000 0.0002 0.9998 N.7992
1.0000 0.0100 1.0000 5.0000 1.5009 0.0002 0.
0.2174 0.4370 1.9189 =-0.,0292 0.5936 0.7290 62.2369
0.1535 Q. 1646 0.2886 0.0953 De2253 0.22930 30.1855
109 10.0000 142.5000 112.5000 1.5000 0.0160Q 0.7808 0.6709
1.0000 10. 0000 1.0000 5.0000 1.5000 0.0160 O.
0.5737 0.7505 1.9175 0.0069 0.,9949 0.,7279 40.8584%
0.1578 0.1022 0.1544 D.2577 00,7080 0.1225 105.8194
110 100.0000 142.5000 112.5000 1.5000 0.0640 0.,0842 0.0876
1.0000 100.0000 1.0000 5.0000 1.5000 0.0640 Qe
0.9297 0.9641 2.1001 -0.,1337 0.6850 0.8727 B8l1.8756
0.0097 0.0051 0.0679 0.4005 0.0930 DJ.0538 61.4253
111 0.0100 142.5000 112.5000 1.5000 0.0640 0.,9998 1.0000
1.0000 0.0100 1.0000 5.0000 1.5000 0.064Q 0.
0. 0. O. O. O. Q. 0.
_0. "O. —O- -00 —Oo _0. —OO
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112 100.00G0

113

1l4

115

116

117

118

119

120

121

122

4.0000
0.8582
—O.

10.0000
1.00600
0.6178
0.1419

0.0100
4.0000
0,5103
0.1442

0.0100
4,0000
0.4617
0.1261

3.1620
2.8184
0.4316
0.1326

3.1620
2.8184
0.4308
0.1623

0.1C00
2.8184
0.3537
0.1550

1.0000
2.0000
0. 3845
De.1227

1.0000
2.0000
0.3169
0.1343

1.0000
2.0000
0.3611
0.1279

1.00600
2.0000
0.4067
0.1318

142.5000
100.0000
~0.
—0.

142.5000
10.0000
ND.7812
0.0875

142.5000
0.0100
0. 7069
0.1015

142.5000
0.0100
0.6737
0.0896

142.5000
3.1620
0.6491
0.1019

142.5000
3.1620
0. 6448
0.1231

142.5000
0.10C0
0.5794
0.1373

135.0000
1.000C
Oe6144
0.0991

135.0000
1.0000
0.5496
0.1245

135.0000
1.0000
0«5914
0.1114

135.0000
l1.0000
0.6286
0.1096

112.5000

4.0009
-0
-0.

112.5000
1.0009
1.9792
0.2064%

112.5000
4.0000
1. 7656
0.2853

112.5000
44,0000
2.0117
0.2530

112.5000
2.8184
2.0043
N.2111

112.5001
2.818¢4
1.9956
J.2248

112.5000
2.8134
1.7157
0. 3955

75.0009
2.0003
l1.6681
Je 3033

105. 0000
2.000)
1.7863
04927

70. 000D
2.000D
1.4533
0.4209

82.5000
2.0000
1.5607
0.1953

1.500n0
5.00609
-0
=N,

1.5000
5.0000
N0.0347
0.1957

1.5009
5.0000
0.0921
0.,3253

1.5000
5.0C00
-0.0200
0.1312

1.3750
5,000
0,042
D.2614

1.3750
5, 0000
-N. 0107
0.3C07

1.3750
5.0000
NedT62
(.2397

1.5009
5. 0000
0.1318
N0.2307

1.5000
5.,0020
0.1149
0.2671

1.5090
5.0000
0.0271
N.1834

1.5G00
5.0000
0.0630
N.1651

0.0002
1.5000
—Ot
—O.

0.0002
1.5200
1.0440
0.7130

0.0160
1. 5000
NeB8270
0.7302

J.0002

1.5000
0.9150
Qe 6240

0. 0CNBO
1.3750
Ne 7650
De&341

e 0NRD
1.3750
C‘l 87(\'\{)
Deb 160

0e 028D
13750
e 9525
Ne 6565

NeN160
15000
Je3972
D.2715

D.01460
1.5000
D« 6155
0.3035

Q. 0160
1.5000
N.2386
Ne 2091

D.0160
1. 5020
D.23193
Dal1733

0 »842
NeNC02
_O.
—0'

D.76878
0.0002
De 71758
N.1637

N.9998
D.0160
D+6074%
Ne2264

10,9998
0.0002
0.8C26
02007

DeD354
00,0080
D.,7968
J.1675

D.9364
D.0030
0.7899
Nel784

0.9979
JL.0G8D
05678
N0.3138

N.9754
J.0160
Ned 724

(‘}02]""5

De9756
0.C160C
De5560
0.3484

N.9756
Q0160
0.3205%
0.2976

0.9756
0.0160
03564
N.1381

0.N431
(.

-0

-N.

N,6242

0.
-/fOZOSB
84,4268

N.5498
G

85,4107

104.5553

Ne5115
O.

23.7448

115.3676

Ne5687
D,100N0
54,7387
8R.1212

(te5135
Na3162
6549325
95,1083

DN.6278
QL1000
Gt, I6TT
T 1.0689

Teb6825

0-

R.1674
372942

n-6825
N

55,7787
5[*0(\746

N.6825
O

2063448
2N 469773

N.6825

0.
2946985
1L7.1207
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The over-all data format is:

1700 O\ 2 .
Run 2 -a(=2-)“| Predicted
o /d € [E, .
No. g %% ° S/ 5/ 1 (Vl' E /Ef
Mg g iy FC og/d | €,/E; E/Es
E JE, v o r o
g/ i \Y 9, ar, o, cos 6 og]
S(E _/E, |
€ /E)| SV | 8(s,) | SCop) | 8(o) [S(eos 6| s(op)
123 1.0000 135.0000 50.0000 1.5000 0.0160 0.9756 N.6825
2.0000 1.0000 2.0000 5.0000 1.5000 0.0160 0.
0.4117 0. 6391 1.4749 C.0243 0.2699 0.3358 0.2212
0.1422 0.1073 0.3744 0.2629 0.1877 0.2648 25,4932
124 1.0000 135.0000 70.2000 1.5000 0.0160 0.9756 0.6825
2.0000 1.0000 2.0000 5.0G00 1.5000 0.0160 0.
0.3612 0.5926 1.6772 C.1l434 Oe4161 0.4788 1.6038
0.1300 0.1089 0.2918 0.2164 0. 2600 N.2064 30.8678
125 1.0000 135.0000 80.3000 1.5C00 D.0160 09756 0.6325
2.0000 1.0000 2.0000 5.0000 1.5000 ND.0160 Ne.
0.3776 0. 6057 1.6321 0.1333 0. 4450 0.4470 T.0649
Oe 1484 0.1236 0.3730 0.2390 0.3451 0.2638 38,8315
126 1.0000 135.0000 45,0000 1.50920 0.0160 D.9756 0.6825
2.0000 1.0000 2.0000 5.0000 1.5000 0.0160 Oe
0.3517 0.5880 l.4364% 0.0231 0.2911 0.3086 —~2,2760
0.0987 0.0845 0.4386 0.1677 0.1412 00,3101 18.9054
127 1.0000 135.0000 50.0000 1.5000 0.0160 0.,9756 0.6825
2.0000 1.0000 2.0000 5.9000 1. 5000 N0.0160 O
0.3582 0.5983 1.5780 0.0309 D.2805 D«4087 1.7382
0.1125 0.0922 0.2808 0.1535 0.1516 0.1986 17.8402
128 1.0000 135.0000 60,0000 1.5000 0.0160 0.9756 0.6825
2.0000 1.0000 2.0000 5.,0000 1.5000 0.0160 C.
0.3913 0.6187 1l.5426 0.0457 0.2467 0.3837 9.6780
0.1353 0.1109 0.3159 0.1358 0. 1805 0.2234 15.7247
129 1.0000 135.0000 75.0000 1.5000 0.0160 0.3756 (.6825
2.0000 1.0000 2.0000 5.0000 1. 5000 0.0160 Qe
0.4232 0.6423 1.5269 0.0548 0.2113 0.3725 23.5946
0.1314 0.1064 0.3397 0.1440 0.1716 0.2402 15.3137
130 1.0000 135.0000 67.5000 1.5000 0. 0160 0.9756 0.6825
2.0000 1.0000 2.0000 5.0000 1.5000 0.0160 0.
0.4108 0.6323 1.5399 0.0531 02222 0.3818 16.3790
0.1364 0.1121 0.3021 0.1375 0.1847 0.2136 14,3351
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131

132

133

134

135

136

137

138

139

140

141

3.1620
2.8184
0.4498
0.0949

3.1620
2.8184
0. 4350
0.1034

3.1620
2.8184
0.3179
0.1631

3.1620
2.8184
0.8820
0.6025

3.1620
2.8184
0.3889
0.1534%

1.0000
2.0000
0.3548
0.0670

1.0000
2.0000
0.3464
0.0691

1.0000
2.0000
0.3243
0.0719

1.0000
2.0000
0.3243
0.0719

3.1620
2.8184
0.3854
0.1730

3.1620
2.8184
0.4131
0.1820

142.5000
3.1620
0.6668
0.0719

142, 5000
3.1620
0.6550
0.0778

142.5000
3.1620
0.5453
0.1511

142.5000
3.1620
0.8600
0.3775

142.5000
3.1620
0.6121
0.1204

135.0000
1.0600
0.5930
0.0578

135.0000
1.0000
0.5857
0.0596

135.0000
1.0000
0.5660
0. 0641

135.0000
1.0000
0.5660
0.0641

142.5000
3.1620
0.6146
0.1730

142.5000
3.1620
0.5869
0.1820

112.5000
2.8184
1.9474
0.2741

112.5000
2.8184
1.9340
0.2837

112.5000
2.8184
1.8747
0.2337

112.5000
2.8184
l.7450
0.2508

112.5000
2.8184
1.8727
0.2898

45,0000
2.0000
1.7898
0.3535

50. 0000
2.0000
1.7936
0.2873

60.0000
2.0000
l.8321
0.1724

60. 0000
2.0000
1.8321
0.1724

112.5000
2.8184
1.8073
0.2920

60.0000
2.8184
1.8203
0.2900

1.3750
5.0000
0.0192
0.2604

1.3750
5.0000
0.N245
0.2675

1.3750
5.0000
0.0402
0.2797

1.3750
5.0000
0.1711
0.4357

1.3750
5.0000
0.0353
0.2941

1.5000
5.0000
0.0337
0.2953

1.5000
5.0000
0.0447
0.2843

1.5070
5.0000
0.C703
0.2389

1.5000
5.0000
0.0703
0.2339

1.37590
5.0000
0.0C30
0.2621

1.3750
5.0000
-0.0098
0.2459

0.0080

1.3750

0.6999
De4T43

0.0080
1.3750
0.7362
0.4602

0. 0089
1.3750
0.8816
De4l19

0. 0030
1.3750
0.8778
0.7138

0.0080
1.3750
0.7919
Ne4624

0.0160
1.5000
0.4824
J.1105

0.0160
1.5000
0.4783
N0.1259

0.0160
1.5000
0.4945
0.2047

0.0160
1.5N000
O« 4945
0.2047

0.C080
1.3750
0.9111
D.6647

0.0080
1.3750
0. 9557
N0.,7113

0.9364
0.0080
N.7516
0.2175

D0.9364
D.0080
D.7410
N.2251

09364
0.0080
0.6940
0.1854

0.9364
D.0080
045910
0.1989

Ne9364
D.0080
0.6924%
0.2299

0.39756
N0.0160
0.5585
Ne2499

N.9756
0.0150
Je.5611
N.2032

0.9756
N0.0160
D.5884
D.1219

0.9756
0.0160
0.5884
De1219

0.9364
2.0080
0.6405
0.2317

Ne9364
0.0080
0.6508
N.2301

0.5862
00316
83.3470
83.9569

0.5687
0.1000
40,5804
80.0561

0.3387
1.0000
50.1148
78.2937

-0.,2139

3.1623
37.3620
83.0646

0.5135
0.31672
43.4554
76.9310

0,6479

0.
-547499
35.9403

06479

N.
—4.,7872
35.6109

N.6479

0.
-1.9798
38,0793

D.6479

0.
~-1.9798
38.0793

0.5843
D,
16.712n

102.5463

0.5843
0.

67.2176

104.2821
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The over-~all data format is:

Predicted

1/ Wy O\ 2
Run 2 -a(-——?
6. . g /d € /E :
No. g i | ?1 S/ s/ e Vi E4/Ef
2 _
w
s % ty FC op/d | /B | E/E
E /E. v o ra ra
g/ i A | _GL UF” cos 6 |¢f|
S(E_/E. S(V
EBJ/ED| SM | 5 | sCa) | S, |sCeos 00| S(og)
142 3.1620 142.5000 112.5000 1.3750 0. 008D 09364 0.6141
2.8184 3.1620 2.8184 5.0000 1.3750 0.0080 O.
0.5495 0.4505 1.8530 -=-0.,0078 D. 1619 NeHT6T 69,213¢C
0.0941 0. 0941 0.1668 0.1345 0.,1951 0.1323 15.4851
143 3,1620 142.5000 112.5000 1.3750 . 0080 Ne9364 0.5794
2+ 8184 3.1620 2.8184 5.0000 1.3750 0.,00430 0,
0.3643 00,6357 19014 ~-0,2G98 0.9516 De7151 178.7142
0.2021 0.2021 0.1095 D.1550 0.5927 0D.0869 59,2478
144 33,1620 142.5000 112.5000 1.3750 0.00890 0.9364 Ne5G43
2.8184 3.,1620 2.8184 5.0000 1.3750 0.0080 0.
0.5174 0.4826 1. 7757 —-0.0687 0.1960 NDe6154 7710301
0.0910 00,0910 0.1838 N0.2243 0.2488 0.1458 28.5N94
145 3,1620 142.50C0C0 112.5000 1.3730 0.0080 Ne9364 Ne5843
2.8184% 3.1620 2.8184 5.7000 L.3750 0.008C D
0. 3796 N.62C4 18839 -(.1337 N. 8581 ND.7012 113,3883
0.1490 0.1490 0.2835 Nel854 N 6136 02249 102.,3984%
146 31620 142.5000 112.5000 1.3750 0. 0080 0.93564 Ne 5943
2.8184 3.1620 2+.8184% 5.0090 1.3750 N.NGS8N Ne
0.5175 0.4825 17756 -=-0,06837 0.1959 De6153 77.0311
0.0910 0.0910 0.1838 N.2243 De2488 0.1458 28,5033
147 3.1620 142.5C00 60,0000 1.3750 0.0089 0.9364 0.5843
2.8184 3.1620 2.8184% 5.0000 1,3750 0.0030 Ne
0.44171 05529 le 7415 -0.0019 D. 5963 0«5833 10.3820
0.1752 01752 0.3412 J.2608 0.6603 0.2707 32.9806
148 3.1620 142.5000 60. 0009 1.3750 e 0080 Ne9364 Ne 5943
2.8184% 3.1620 2.8184% 5.0000 1.3750 0.0036C De
0.5424 0.4576 147477 0,0121 0.1334 0.5932 13,9650
0.0842 0.0842 0.1638 N.2327 0.1669 Ne1299 24,2309
149 3.1620 142.5000 60.0009 1.3750 0.0080D Ne9364 N.6141
2.8184  3.1620 2.81384 5.0000 1.3750 0.0080 0.
0.5518 D.4482 1.8498 0.0073 N0.1568 0e6742 13,4201
0.0915 0. 0915 0.1567 N.1395 0. 1856 0.1243 16,0373
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150

151

152

153

3.1620
2.8184
0.4001
0.2154%

3.1620
2.8184
0.6796
0.3484%

3.1620
2.8184
0.6302
D. 4148

3.1620
2. 8184
0.5790
0.2648

142.5000
3.1620
0.5999
0.2154

142.5000
3.1620
0.56408
0.6968

142.5000
3.1620
N0.7396
0. 8296

142.5000
3.1620
0.8420
0.5297

60. 0009
2.8184
1.6523
0.2800

112.5000
2.8184%
2.0883

0.1824

112.5000
2.8184
1.9377
0.1637

112.5000
2.8184
1.9377
0.2948

1.3750
5.0000
0.2225
D.1702

1.3750
5.0000
0.0785
0.3588

1.3750
5.0000
0.2222
0.3412

1.3750
5.0000
0.2233
0.3025

0.0080
1.3750
0.8043
0.7730

0.0080
1.3750
1.1395
0.2047

040080
1.3750
0.8593
0.3159

0.0080
1.3750
N.9925
Ne418N

N0.9364
0.0080
0.5175
De2221

De9364
2.003N
D.8634
Oel447

09364
0.0080
0.7439
0.1298

19364
0.0080
0.7440
0.2339

Ne5734%
0.

-86.0119

66.1451

0.3387
1.0000
53.9795
98.9209

0.3387
1.0000
27.8457
69,7733

0.3387
1.00720
36.0296
91.6558
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